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Abstract 
Laboratory experiments are performed with an isotropic Lucite borehole model to 
measure the acoustic wave fields generated by a monopole source in the borehole. The 
source not only generates acoustic waves propagating along the borehole, but also in the 
surrounding formation.  If there is a reflection interface in the formation, the acoustic 
waves can be reflected back to the borehole. We measure the acoustic waves on the 
model surface to investigate the acoustic fields in the formation.  Acoustic measurements 
record both waves reflected from an interface or fracture and those propagating in the 
borehole. The frequency of the reflection is higher than that of the borehole waves, and 
the apparent velocity of the reflection is higher than the P-wave velocity. In this paper, 
we extract the waves reflected from an interface—which is parallel or declined to the 
borehole axis—with a high-pass filter. If the apparent velocity of the acoustic wave 
recorded in a borehole is faster than that of the P-wave propagating along the borehole, 
the wave must be reflected by a surface outside of the borehole. With these measured 
waveforms we calculate the distance between the borehole and the reflection surface and 
the P-wave velocity in the direction perpendicular to the borehole axis. When the 
reflection is declined to the borehole axis, the reflected waves recorded at both sides of 
the source have different first-arrival-times and different apparent velocities. Laboratory 
measurements show a new method to determine an interface out of a borehole, the 
formation anisotropy, and the distance of a reflection.  
 
Introduction 
 
Directional drilling is one of the most important developments in  petroleum 
exploration in the past decades. Compared with the traditional vertical drilling, 
directional drilling can increase the exposed section length through the reservoir by 
drilling at an angle through the reservoir, increasing oil production. To investigate 
formation properties, acoustic logging while drilling (LWD) was developed. The 
procedure continues to be refined to give better results. The monopole LWD system is 
applied to measure the compressional wave (Tsang and Rader, 1997). The quadrupole 
acoustic logging system avoids the wave propagating along the tool and measures the 
shear wave velocity in the formation effectively.  
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The traditional acoustic logging system records the acoustic waves propagating along the 
borehole to investigate the formation properties around the borehole. The amplitude and 
frequency of the borehole acoustic waves depend on the borehole sizes and the acoustic 
properties of the surrounding formation (Cheng and Toksöz, 1981; Pallet and White, 
1982; Kurkjian and Chang, 1986). 
 
During the directional or horizontal drilling, we not only want to measure the 
acoustic properties of the formation, but we also want to determine or forecast the tool 
position in the reservoir.   We want to maintain the drilling in the reservoir in order to 
determine the distance between the borehole and the reservoir boundary (Hornby 1989; 
Esmersoy et al., 1998). The logging tool not only records the acoustic waves propagating 
along the borehole, but it can also receive the acoustic waves reflected from the boundary.  
In a vertical borehole, we call the acoustic wave entering the formation a leaking mode, 
because this wave cannot be reflected from the horizontal boundary (Cheng and Toksöz, 
1981). The reflected wave gives more information about the surrounding formation and 
the boundary. The single borehole images show the fractures or interfaces in the 
formation around the boreholes (Hornby 1989; Esmersoy et al., 1998; Tang, 2004; et al., 
2007a).  
 
We manufactured a borehole model with Lucite as the isotropic material, 
wherethe direction of the borehole was parallel to the surfaces of the model. On a surface, 
we measure the compressional and shear waves excited by a monopole acoustic source in 
the borehole to understand the leaking acoustic waves, which may be reflected by the 
surface and returned to the borehole. We perform the traditional monopole acoustic 
logging in the borehole model to record the acoustic waves propagating in the borehole 
and those reflected from the boundary.  We process the recorded acoustic data using a 
high-pass filter, measuring the first arrival and apparent velocity of the reflected waves to 
determine the boundary distance and the P-wave velocity in the direction perpendicular to 
the borehole axis. We also perform the measurements using the Lucite model with a 
declined boundary to determine the angle of the surface against the borehole.  
 
 
Isotropic borehole model 
 
We manufactured a borehole model with an isotropic (Lucite) block. The basic model is a 
cubic block shown in Figure 1.  The P-wave and S-wave velocities are measured with P- 
and S-wave contact transducers at the center of the block with a frequency of 100 kHz. 
The Lucite is an isotropic material, which has the same P- and S-wave velocities at 
different directions. The P- and S-velocities are 2680 m/s and 1300 m/s, respectively, 
while the shear velocity (1300 m/s) is slower than the water velocity (1480 m/s). 
 
We made two boreholes 1.7 cm in diameter along the Y- and Z-directions of the 
Lucite model. The distances from the borehole axis to the surfaces (Y-Z plane in Figure 1) 
are 5.0 cm and 7.6 cm, respectively.  
We perform two kinds of acoustic measurements—on the surface or in the 
borehole—to record the acoustic fields propagating in the formation or  in the borehole. 
The acoustic source in the two measurements is a monopole source made from a PZT 
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(lead zirconium titanate) piezoelectric cylinder tube 1.2 cm in length, with an outer 
diameter of 0.9 cm and an inner diameter of 0.4 cm. A single sine burst 100 kHz in center 
frequency or a square pulse 5 s in width excites the source transducer in the water-
saturated borehole.  
 
Measurements on the surface 
 
A monopole source generates an acoustic wave in the borehole with a surface-borehole 
distance of 7.6 cm We record the acoustic fields on the surface with P- and S-wave 
standard contact transducers (Parametrics V101 (P-wave) and V151 (S-wave)). The 
starting position is directly above the source in the borehole (Figure 2a), and the receiver 
moves in 1.0 cm increments along the borehole direction (Z-direction) to record the 
acoustic waveforms. Figure 2b shows the polarizations of the S-wave transducer on the 
surface. 
 
Figure 3 shows the waveforms recorded on the Lucite surface.  Figure 3a shows 
the P-wave with vibration perpendicular to the surface. The main acoustic wave 
propagates at a P-wave velocity of 2680 m/s, and its center frequency is the source 
frequency of 100 kHz in traces 1-4. The first arrival time of trace 1 is about 0.02 ms 
(Figure 3a). When this P-wave arrives at the surface, it can be reflected by the surface 
and returns to the water-saturated borehole.  
 
Figure 3b shows the waveforms recorded with the S-wave transducer, whose 
polarization is in the Y-direction. The main acoustic energy arrives at around 0.04 ms in 
the first trace of Figure 3b. It is a shear wave with Y-direction polarization and 
propagating at the S-wave velocity of 1300 m/s in Lucite.  It is the SH wave against the 
surface, because the monopole source in the borehole generates a borehole vibration in 
the radial or diameter direction. This vibration perturbs the borehole diameter and excites 
an SH shear wave with the particle vibration in the Y-direction perpendicular to the 
borehole axis. The reflection of this shear wave at the boundary cannot enter into the 
water-saturated borehole. 
 
When the polarization of the shear wave transducer on the Lucite surface is 
parallel to the borehole axis (Z-direction), the transducer records a shear wave polarized 
in the Z-direction (Figure 3c).  Compared with the P-wave waveforms shown in Figure 
3a, the acoustic wave recorded in the Z-direction (Figure 3c) has the same arrival time as 
the P-wave. This means that the wave component shown in Figure 3c is a P-wave 
component, polarized in the Z-direction. At the incident angle of 45 degrees, the P-wave 
generates the weak shear wave with polarization in the Z-direction, propagating with the 
Lucite shear velocity (the traces 7-10 in Figure 3c). This shear wave is converted from 
the P-wave due to its inclined incident. 
 
The experimental results show that the monopole acoustic source in a borehole 
can generate a P-wave and two shear waves in the surrounding isotropic formation.  If 
there is an interface in the formation, P- and S-waves can be reflected, but only the 
reflected P-wave can enter the borehole and be received by the monopole acoustic 
receiver in the borehole. A part of the S-waves can be converted into P-wave and enters 
into the borehole. Because the converted P-wave is weak, it is difficult to be received in 
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the borehole. The experiments show that the main P-wave energy entering the formation 
concentrates around the acoustic source (0-20 degrees) due to its radiation pattern.  In 
order to receive the reflected P-wave, the receiver in the borehole should be close to the 
source in the same borehole. If the source frequency increases, the radiation pattern 
becomes wider than that in high frequency.  
 
Measurements in the borehole 
 
We perform traditional monopole acoustic well logging in the Lucite model. The 
acoustic receiver is a hydrophone (B & K 8103) 0.9 cm in diameter. We fix the monopole 
source in a certain position in the borehole, then move the receiver incrementally (dL ), 
starting from the position (
0
L ) between the source and receiver. We also can change the 
source position in the borehole and repeat the above logging measurements to simulate 
the measurements with a real logging tool.  
 
Reflection from an interface or fractures 
 
Before we conduct measurements in Lucite borehole model, we measure the reflections 
from an interface or from fractures with varying apertures. Figure 4 shows the models 
and the measurements. When the interface is between Lucite and air (Figure 4a), the 
reflection is a full reflection, and the reflection coefficient is close to 1.0.  
 
Figure 5 shows the recorded full waveforms received in the borehole. The original 
waveforms (Figure 5a) show the P-wave and Stoneley wave very clearly, but we cannot 
see the reflection from the interface. High-pass filtered waveforms are shown in Figure 
5b.  The center frequency of filtered waveforms is about 130 kHz, and the Stoneley wave 
is removed from the waveforms. Now the reflection around 0.06 ms is very clear. We 
also see the waves reflected from the sides of the Lucite block, arriving at around 0.12 ms. 
 
When the materials are Lucite, Phenolite XX-324, and water (in the model shown in 
Figure 4a), the reflection coefficients are 0%, -5.9%, and 36.2%, respectively. Figure 6 
shows the filtered acoustic waveforms received in the borehole when the interfaces are 
between Lucite and Lucite (Figure 6a), Lucite and Phenolite XX-324 (Figure 6b) or 
Lucite and water (Figure 6c). The arrival time reflected from the interface is about 0.06 
ms in Figure 6. The reflection from the interface between Lucite and water (between 0.06 
ms and 0.08 ms in Figure 6c) is larger than that in Figure 6a and 6b.  
 
When the aperture D shown in Figure 4b is 0.47 mm, 0.71 mm, 0.93 mm, 1.18 
mm, 1.64 mm, and 3.10 mm, we record the acoustic waveforms recorded in the borehole. 
Figure 7 shows the waveforms when the distance between the source and receiver is fixed 
and the apertures vary. In Figure 7, “D=0 mm” means that one Lucite block is on the 
above surface of the Lucite model without a gap.  “D: open” means that the interface is 
between Lucite and water, with the reflection coefficient of 36.2%. Figure 8 shows the 
normalized amplitudes of the reflection at the varying apertures. When the aperture is 
large enough, the reflection coefficient approaches to 36.2%.  The peak in the normalized 
amplitudes is related to the acoustic frequency. In our measurements, the center 
frequency is around 100 KHz.  
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Measurements in Lucite borehole model with a parallel interface 
Figure 9 shows the paths of the P-wave reflected from the parallel interface. We 
calculate the real velocity ( xpV ) in the X-direction and the distance (h) between the 
surface and the borehole, assuming the velocity propagating along the path )1(S  is equal 
to that along the path )2(S  (Figure 9). From the waveforms, we may determine the arrival 
times t!  of the reflected waves and the apparent velocity appV .   
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where )1(t!  and )2(t!  are the propagating time of P-waves  along the paths )1(S  and )2(S  
shown in Figure 9. In an isotropic formation, the apparent velocity is always higher than 
the real P-wave velocity in the formation. Because the apparent velocity is related to the 
space between the source and receiver, the arrival times of the reflections in the 
measurements shown in Figure 9 show the characteristics of a hyperbolic function 
(Figure 6c).  The semblance calculations (Kimball and Marazetta, 1984) are used to 
determine the acoustic waves propagating in a borehole, whose arrival times are linear. 
However, the semblance calculation cannot determine the apparent velocity of the 
reflections accurately. The apparent velocity can be used as an indicator to show the 
existence of an interface or reflection out of the borehole. The apparent velocity can be 
roughly determined with the traditional semblance plot. Figure 10 shows the waveforms 
in Figure 5 and the time-domain semblance plot. The apparent velocity is around 8,500 
m/s, which is much higher than the P-wave velocity in Lucite (2680 m/s). The apparent 
velocity can be calculated with the arrival times of traces 1 and 2 in the acoustic 
waveforms.     
 If we determine the first arrival time )1(t! of the reflection from the first trace 
and the apparent velocity appV , then the velocity ( xpV ) and the distance ( h ) between the 
surface and the borehole can be determined: 
2/1
22
2222
)
)(
(
2
1
applt
ltapp
VV
VLoVdLLo
h
!
"!"+
=                                                 (2) 
and  
               )1(2122 /)4/(2 tLhV Oxp !+"=                                                                 (3) 
 
where                  )/( )1(tdLVV applt !+=  
 6 
O
L  is the space between the source and the first receiver,  and dL is the space between 
the first and second receivers (Figure 9). 
 
Based on the borehole model shown in Figure 1, we change the distance between 
the reflection surface and the borehole by using Lucite blocks of different thicknesses. 
When the distances are 5.0 cm, 7.6 cm, 10.2 cm, and 12.7 cm, we measure the waveforms 
in the borehole with a starting distance of 3.8 cm between the source and the first receiver. 
Because there are two side surfaces of the Lucite block in the Y-direction and the 
distance between the side surface and borehole is about 15.25 cm, the P-wave reflected 
from these side surfaces arrives at the borehole around 0.115 ms. The P-wave reflected 
from the bottom surface arrives at the borehole around 0.16 ms. When the distance 
between the above surface and borehole changes, these P-waves reflected from both the 
sides and bottom do not change their arrival times. The reflection from the above water 
surface is also recorded in some experiments.  
 
We record the first arrival time )1(t! of the reflection and the apparent velocity 
appV  from the recorded waveforms in order to calculate the velocity xpV and the distance 
h .  Table 1 shows the measured results and the relative error. The errors are caused from 
the determination of the apparent velocities.  
 
Measurements in Lucite borehole model with a declined interface 
 
A Lucite edge is put on the above surface of the Lucite model in Figure 2a and 
then forms a declined surface (Figure 11).  We fix the acoustic source at a certain 
position in the borehole, as shown in Figure 11, and then move the receiver with an 
increment of  0.5 cm/trace to record the acoustic wave in the borehole. Figures 12a and 
12b show the filtered acoustic waveforms recorded in the Lucite borehole models with 
the edge shown in Figures 11a and 11b.  
 
We conduct three kinds of measurements in the borehole with an edge of 13.5 
degrees. First we fix the source in the borehole and move the receiver to record the 
acoustic waves propagating along the borehole that are reflected from the edge surface. 
Then we fix the space between the source and the receiver and move them together in the 
borehole. Finally, we fix the source in the center position and move the receiver on both 
sides of the source in the borehole to record the reflection from the same edge surface. 
 
---- Acoustic waves in the borehole 
 
Figure 11 shows the Lucite borehole model with a Lucite edge. Because the 
Lucite edge is tightly placed on the Lucite above surface, the reflection from the Lucite 
interface is very weak. The main reflection originates from the interface between the 
Lucite edge surface and water. In Figure 11a, as the arrival time reflected from the edge 
increases, the space between the source and receiver increases as well.  
 
Figure 12 shows the filtered acoustic waveforms recorded in this borehole when 
the source is fixed at the position where the thicknesses of the Lucite edge are 3.1 cm 
(Figure 12a) and 4.9 cm (Figure 12b). The apparent velocity of the reflection between 
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0.08 ms and 0.1 ms in Figure 12a is around 6,500 m/s, but the velocity of the reflection 
around 0.1 in Figure 12b is close to infinity.    
 
----- Acoustic well logging in the borehole  
 
  Figure 13 shows the acoustic well logging in the borehole model with the Lucite 
edge. The space between the source and receiver is fixed at 4 cm and the source and 
receiver move together in the borehole to record the acoustic waves propagating in the 
borehole, which are reflected from the interfaces of the Lucite up-edge (Figure 13a) or 
down-edge (Figure 13b). Figure 14 shows the filtered acoustic waveforms recorded in the 
borehole models shown in Figure 13. The waveforms between 0.08 ms and 0.1 ms are the 
reflection from the up-edge (Figure 14a) and down-edge (Figure 14b). From the slope of 
the reflected waveforms, we know the reflection is a declined interface. Figure 15 shows 
the schematic diagram of the Lucite borehole with a down-edge, up-edge, or parallel 
interface (Figure 15a), and the recorded waveforms (Figures 15b and c) when the source 
and receiver move together.  We may plot the borehole image with the amplitudes of the 
reflected waveforms shown in Figures 15b or 15c. 
 
If the velocity of the acoustic wave propagating in the direction perpendicular to the 
borehole axis is known, the angle of the declined interface can be calculated with the 
slope of the reflection in Figure 15. In an isotropic formation, the velocity of the P-wave 
propagating along the borehole direction is equal to the velocity in the direction 
perpendicular to the borehole axis. We may use the velocity measured with the borehole 
P-wave to calculate the angle of the reflection and the distance between the borehole and 
the reflection. However, if the formation is anisotropic, we cannot calculate the angle of 
the reflection with this measurement.  
 
--- Measurements in the both sides of the source 
 
In order to determine the velocity in the direction perpendicular to the borehole axis, 
the angle of the reflection, and the distance between the borehole and the reflection, we 
place the acoustic receiver on both sides of the source. Figure 16 shows the diagram of 
the acoustic wave paths. ! is the angle between the reflection interface and the borehole. 
In the left side of the source, the reflection goes down, we define that ! is negative. On 
the other side ! is positive. If the space between the source and the first receiver 
0
L  and 
the space between the first and second receivers dL are known, then the incident angle ! , 
the distance H  between the borehole and the incident point, and the path S  of the 
reflection can be determined: 
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where )2()1( ,SS  and )1(!S  are the distances of the acoustic waves reflected from the 
source to the receivers at R1, R1 and –R1 shown in Figure 16. When the spaces 
0
L and 
dL are small, the velocity of the waves reflected from the interface is close to the velocity 
xpV in the direction perpendicular to the borehole axis. 
 
Figure 17 shows the measurements when acoustic waves on both sides of the 
source are recorded. The acoustic source is fixed in the middle of the Lucite borehole 
with a Lucite edge of 13.5 degrees. The space between the first receiver and the source is 
4 cm, and the spacing between the receivers is 0.5 cm. We define the edge angle ! to be 
positive when the edge is up in the direction of receiver movement. In the other direction, 
the angle is negative. Figure 18 shows the acoustic waveforms recorded when 0>!  
(Figure 18a) and 0<!  (figure 18b). The first reflection arrival time of trace 1 in Figure 
18a is about 0.085 ms later than that of 0.076 ms in Figure 18b. From the slopes of the 
reflections, we determine the apparent velocity. The apparent velocity appV is about 6,500 
m/s in Figure 18a. However, the apparent velocity in Figure 18b approaches infinity 
because the arrival times are almost simultaneous. Synthetic modeling showed the same 
phenomena (Figure 1 in Tang et al., 2007). If we determine the first arrival times )0( >! "t  
and )0( <! "t  as well as the apparent velocity )0( >!appV from the measurements, then we may 
calculate the distance h  between the source and the reflection, the angle ! between the 
borehole and the reflection, as well as the P-wave  velocity xpV in the direction 
perpendicular to borehole axis.  
 
Our experiments record the acoustic waveforms on both sides of the source and 
determine the reflection interface, which is located in one side of the borehole. If the 
measurements are only on one side of the source, then the location of a reflection 
interface can be determined only when the borehole goes through the interface.  
 
Conclusions 
We conducted laboratory experiments with an isotropic Lucite borehole model to 
measure the acoustic fields on the model surface and in the borehole, which are generated 
with a monopole source in the borehole. The source generates a P-wave and two shear 
waves in the surrounding formation. The energy of the P-wave and the SH shear wave 
concentrates in the diametric direction perpendicular to the cylinder source. The energy 
of the converted shear wave concentrates at around 45 degrees. 
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The monopole acoustic measurements in a borehole model record not only the 
waves propagating along the borehole, but also the reflection from near-borehole 
geological structure. The amplitudes of the reflection waves depend on the reflection 
coefficients of the interface or the apertures of fractures. If the interface is parallel to the 
borehole, then the distance h between the borehole and the interface and the acoustic 
velocity xpV  in the direction perpendicular to the borehole can be determined with the 
arrival time of the reflection wave and its apparent velocity. If the interface is declined to 
the borehole, then the distance h , the velocity xpV , and the angle !  between the 
borehole and the interface can be determined using the arrival times of the reflections, 
which are recorded by the receivers located on two sides of the source. The apparent 
velocity appV depends on the spacing between the source and receiver in a borehole. The 
apparent velocity is always higher than the P-wave velocity along the borehole direction, 
and it is an indicator showing the existence of a near-borehole interface.  
The measurement system with receivers on both sides of the source can predict 
an interface or fracture that is located in one side of the borehole during acoustic logging 
while drilling. In order to determine the arrival times reflected from an interface, data 
processing is needed to extract the weak reflection signals from the acoustic waves 
propagating in the borehole. 
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Table 1: Measured results in the Lucite borehole models 
 
    Measured results Errors (%) 
 
Model 
  No. 
Distance between 
borehole and 
surface (cm) 
1
t (ms) 
appV (m/s) 
 h  (cm) 
xpV (m/s) In  h  In xpV  
   1       5.0  0.0380   6,300    4.81    2720   3.85 1.51 
   2       7.6  0.0550   8,500    6.94    2620  8.66 -2.35 
   3       10.1  0.0675  11,300    8.91    2690 10.9 0.67 
   4      12.5  0.0890  16,850   12.48     2830 0.127 5.88 
Lucite: smVp /2680= ,  smVs /1300= ,  
3
/18.1 mkg=!    
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Figure 1:  Schematic diagram of isotropic Lucite borehole model. The P-wave and S-
wave velocities are 2680 m/s and 1300 m/s, respectively. The diameter of both boreholes 
is 1.7 cm. 
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                                 b) 
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Figure 2: Schematic diagram of Lucite models in a water tank. The monopole acoustic 
source is in the borehole (a). The P- and S-wave standard plane transducers are on the 
above surface of the model to record the P- and S-waves. The polarizations of the shear 
wave transducer are in the Y-direction (Sy) and in the Z-direction (Sz) (b). The receiver 
moves along the borehole direction in increments of 1.0 cm/trace. The starting position of 
the receivers is directly above the source.  
                                  
 
 
                                   a) 
 
                             b)                                                                           
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                                  c)   
                              
 
Figure 3: Acoustic waveforms recorded with the P- (a) and the S-wave (b and c) 
transducers on the above surface of the Lucite borehole model (Figure 2a). The 
polarization of the S-wave transducer is in the Y-direction (b) and the Z-direction (c) 
shown in Figure 2b. 
 
 
                        
             a)                                        
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              b) 
         
 
Figure 4: Schematic diagram of a Lucite borehole model with an interface (a) or a Lucite-
Lucite fracture (b) with aperture D. The acoustic source is fixed with the distance 
0
L  
between the source and the first receiver. The receiver moves in the borehole in 
increments of dL (0.5 cm/trace). 
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                          a) 
 
 
 
                       b) 
 
 
 
 
Figure 5: The typical acoustic waveforms (a) recorded in the Lucite borehole with a 
parallel interface and the acoustic waveforms (b) filtered with a high-pass filter. The lines 
indicate the p-wave, Stoneley wave, and reflected waveforms, respectively. The spacing 
dL  is 0.5 cm/trace. 
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                                a) 
 
                                b)                                                                     
 
                                  c)  
 
Figure 6: Filtered acoustic waveforms recorded in the borehole when the material on the 
above surface is Lucite (a), Phenolite XX-324 (b), and water (c), respectively. The 
reflection from the interface arrives to the borehole between 0.06 ms and 0.08 ms. 
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Figure 7: Filtered acoustic waveforms recorded when the aperture D of the fracture 
(Figure 4b) varies from 0 to open, which means that the interface is composed of Lucite 
and water. The reflections are received between 0.06 ms and 0.07 ms, shown by the lines. 
 
 
 
 
 
 
 
 
 
 
 
 20 
 
 
 
 
 
 
 
 
 
Figure 8: Normalized amplitudes of the reflection from fractures with different apertures. 
The amplitudes are normalized to the reflection coefficient (36.2 %) between water and 
Lucite, when the aperture is 5 mm. 
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Figure 9:  Schematic diagram to calculate the distance (h ) and the velocity 
( xpV ) in the direction perpendicular to the borehole with a parallel interface. 
)1(
S  and )2(S  indicate the paths of the reflected waves to the first receiver and 
the second receiver with the spacing dL . 
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a) 
 
b) 
 
Figure 10: Filtered acoustic waveforms (a) and their time-domain semblance (b) when the 
above reflection surface is a free surface between Lucite and air. The horizontal lines 
indicate the Lucite P-wave velocity (dot-dash line), the S-wave velocity (dash line), and 
the water velocity (dotted line). The arrow R indicates the semblance velocity of the 
waves reflected from the surface.  
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       a) 
 
        b) 
 
 
Figure 11: Schematic diagram of the Lucite borehole models with a Lucite edge to form a 
declined up-interface (a) and down-interface (b). The angle of the Lucite edge is 13.5 
degrees. The acoustic source is fixed and the receiver moves along the borehole. 
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              a) 
 
 
             b) 
  
Figure 12:  Filtered acoustic waveforms recorded in the Lucite borehole model with a 
Lucite edge up (a) and down (b). The lines show the arrival times of the waves reflected 
from the edge interface. 
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    Figure 13: Schematic diagram of the Lucite borehole models with a Lucite edge to 
form a declined up-interface (a) and down-interface (b). The acoustic source and the 
receiver move together with a spacing of 4 cm in the borehole. 
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                  b) 
     
Figuren 14: Filtered acoustic waveforms recorded in the Lucite borehole model with a 
Lucite edge up-interface (a) and down-interface (b). The acoustic source and the receiver 
move together with a spacing of 4 cm in the borehole. The lines show the arrival times of 
the waves reflected from the edge interface. . The waves around 0.12 ms is reflected from 
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the sides of the Lucite block. The waves between 0.13 ms and 0.16 are reflected from the 
water surface.  
 
 
 
 
 
 
 
 
 
 
 
 
a)                                                       b)                                         c) 
 
 
 
Figure 15: (a) The diagram of the Lucite borehole model with a parallel or declined 
interface when the source and receiver move together in the borehole. (c) The full 
waveforms recorded in the different sections. (b) The enlarged reflection waveforms of 
Figure 15c. 
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Figure 16: Diagram of the borehole with a declined interface and the acoustic wave paths 
reflected by the interface. The angle between the reflection interface and borehole is 
positive on the right side of the source and negative on the left side.  
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Figure 17: Schematic diagram of the Lucite borehole model with a Lucite edge and the 
receivers moving on both sides of the source. 
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Figure 18: Filtered acoustic waveforms recorded on the sides of positive !  (a) and 
negative !  (b). The lines in Figure 18a indicate the arrival times of the reflection. T1 
indicates the first arrival time recorded by the first receiver.  
